The stratospheric circulation in winter 1989/90 is investigated with the aid of the transformed Eulerian mean (TEM) equations. The winter 1989/90 is characterized by a very cold mid-winter and a pronounced minor warming following it. The sudden warming was caused by the planetary wave of zonal wavenumber 1 vertically propagating from the troposphere. The temperature increase itself was fairly large but the westerly polar night jet did not reverse to the easterly at the lower stratosphere. This is consistent with the hypothesis shown by LABITZKE and VAN LOON (1988) that major mid-winter warmings are hard to occur in the easterly phase of the quasi-biennial oscillation (QBO) during weak solar activity.
Introduction
In the winter stratosphere, climatological zonal-mean zonal winds are generally westerly and increase with height, forming the so-called polar night jet, while climatological zonalmean temperatures decrease towards the winter pole; they are in the thermal wind balance. In some winters when a stratospheric sudden warming occurs, such a configuration is dramatically disrupted: Polar stratospheric temperatures increase rapidly with time so that zonal-mean temperatures increase towards the winter pole, and zonal-mean zonal winds reverse to an easterly direction.
According to the definition of the World Meteorological Organization (WMO), stratospheric sudden warmings are classified into two categories by their intensity: A major warming if at 10 hPa or below the zonal-mean temperature increases poleward from 60° latitude and the zonal-mean zonal winds reverse, and a minor warming if the temperature gradient reverses there but the circulation does not. LABITZKE (1987) , and LABITZKE and VAN LOON (1988) presented statistical evidence that the occurrence of major mid-winter warmings is significantly affected by a combination of the equatorial stratospheric quasi-biennial oscillation (QBO) and the 11-year solar activity cycle: When the QBO is in the westerly phase no major mid-winter warming occurs during weak solar activity. On the other hand, when the QBO is in the easterly phase major warmings tend to take place in weak solar activity.
Following their hypothesis, in the winter of 1989/90 when DYANA (DYnamics Adapted Network for the Atmosphere) campaign was carried out, a major mid-winter warming was not expected, for the QBO was in the easterly phase and the solar activity was in its maximum. (1)
where F is the Eliassen-Palm (E-P) flux vector having two components (F(ƒÓ), F(z)) which are given by
Note that
On the other hand, (v*, w*) is the residual mean meridional circulation and defined as follows:
Compared with the Eulerian mean equations, the TEM equations have following advantages: The E-P flux vector itself has the two components in proportion to eddy momentum and heat fluxes. Moreover, its direction coincides with the local group velocity of waves in the meridional plane, which advects the wave activity density. On the other hand, the residual mean meridional circulation approximates to the Lagrangian mean meridional circulation, although they generally do not coincide. For details of the TEM equations, see ANDREWS et al. (1987) , for example.
Results

Some features of winter 1989/90
First, we show time changes of zonal-mean fields in this winter. Figure 1 shows latitudetime sections of zonal-mean geostrophic winds and temperatures at 10 hPa. We see that a pronounced warming occurred around 10 February following rather cold December and January while at the same time the westerly polar night jet became very weak although it did not reverse to the easterly at this level. Berlin analyses also do not show the reversal of the Figure 7 shows the evolution of the terms comprising DF, i.e., the horizontal and vertical divergence terms in Eq. (4). The horizontal divergence term is positive almost throughout the period, while the vertical divergence is negative. It has been reported that the horizontal divergence term also becomes negative just before sudden warmings (e.g., O'NEILL and YOUNGBLUT, 1982) . This indicates that F focuses into the polar region prior to sudden warmings, while usually F arrows tilt towards the equator. However, in the present case F arrows did not tilt towards the North Pole, and the horizontal divergence term was kept positive after 3 February until the occurrence of the sudden warming. This seems to be one of the reasons why this warming was not a major one.
Finally, we calculate the residual mean meridional circulation (v*, w*) and adiabatic effects, following O'NEILL and YoUNGBLUT (1982) . The resultant streamfunctions are shown in Fig. 8 . During the sudden warming ( Fig. 8(a) ) the downward motion is predominant in higher latitudes, which brought about a warming. On the other hand, after the sudden warming (Fig. 8(b) ) the upward motion can be seen above 30 hPa, which reestablished the cold polar vortex.
Summary and Remarks
As shown above, the winter 1989/90 is characterized by the very cold mid-winter and the pronounced minor warming following it. The sudden warming was caused by the planetary wave of s=1 vertically propagating from the troposphere. The temperature increase itself was fairly large but the westerly polar night jet did not reverse to the easterly at the lower stratosphere. Therefore, this is consistent with the hypothesis of LABITZKE and VAN LOON (1988 
